The Fukuoka area is located in the southwestern part of Japan. The Yokote-Ijiri area, located in the southern part of Fukuoka city, has several low-temperature geothermal systems, including eleven hot springs. From 1996 to 2008, the Fukuoka area was investigated by gravity survey, using Scintrex CG-3 and CG-3M gravimeters, in an attempt to delineate its subsurface structure. The surveys were intended to improve the understanding of the relation between the geothermal systems and the subsurface structure as well as to locate the active faults in the surveyed area, which are responsible for generating large earthquakes. The gravity data were analyzed using integrated gradient interpretation techniques, such as the Horizontal Gradient (HG), Tilt Derivative (TDR), and Euler deconvolution methods. With these techniques, many faults were detected, including the famous Kego fault, which is an active fault in Fukuoka city. A 2-D gravity model was constructed to show the relationship between the faults and the geothermal systems. The results of the present study will hopefully lead to an understanding of the relationships between the interpreted faults and the location of the low-temperature geothermal systems and possibly aid in future geothermal exploration of the area.
Introduction
Several low-temperature hot springs are located in the Yokote-Ijiri area of the southern part of Fukuoka city. Fujimitsu et al. (2003) stated that the hot springs were likely generated by a specific subsurface structure of unknown origin. Karakida et al. (1994) suggested that an active fault, named the Kego fault, passes through the Yokote-Ijiri area, but no scientific investigations have been conducted to locate the Kego fault.
Therefore, the aim of this study is to delineate the subsurface structure of the Fukuoka area and to determine its relationship with low-temperature geothermal systems by applying gradient interpretation methods to the available gravity data.
The studied area was struck by a strong earthquake on March 20, 2005 (M JMA 7.0) at a depth of 9 km, which was followed by a M JMA 5.8 aftershock on April 20. Many scientists believed that the earthquake occurred along the extension of the Kego fault, which runs from the northwest to the southeast under the Sea of Genkai. The results of the present study will delineate the boundaries of the Kego fault, which is of interest to those studying the seismology of the area.
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Gravity Data
The Fukuoka area is located in the southwestern part of Japan, between the 33
• 32 -33
• 42 N latitude and the 130
• 17 -130
• 28 E longitude ( Fig. 1) lines. Geologically, the Fukuoka area is composed of Paleozoic Sangun metamorphic rocks, Late Mesozoic granitic rocks, Paleogene and Neogene basaltic rocks, and Quaternary sediments (Matsushita et al., 1971; Karakida et al., 1994) . The basement rock consists mostly of granite (Matsushita et al., 1971) .
The Fukuoka area was investigated by gravity surveys between 1996 and 2008 using Scintrex CG-3 and CG-3M gravimeters, extending over an area of 315 km 2 . The gravity data set, consisting of Bouguer gravity data from 1797 stations (Geological Survey of Japan, 2000: 49 stations; Geographical Survey Institute, 2008: 8 stations; Geothermics Laboratory of Kyushu University: 1740 stations) with a spacing between 50 m and 2 km, was analyzed using integrated gradient interpretation techniques. In this study, the gravity data are used to delineate the subsurface structure of the Fukuoka area. The Bouguer anomaly map of the study area was derived at a density of 2470 kg/m 3 (Hirano et al., 2006) , as shown in Fig. 2(A) . The area is characterized by positive gravity values, which cover the entire area and range between 15.6 and 40.9 mGal, increasing in the northern and western regions of the map area. Two low Bouguer gravity anomalies can be seen in the central part of the area extending in the NW-SE direction. The hot springs are located at the border between very-low and low Bouguer gravity anomalies (Fig. 2(B) ). This region may re- flect a small basin elongated in the NW-SE direction. Based on petrographic and macroscopic analysis of drill cuttings and core samples (Matsushita et al., 1971) , the stratigraphic column of Yokote-Ijiri, in the southern part of Fukuoka city, can be divided into three layers. Layer 1 consists of gravel and sand, layer 2 consists of weathered granite, and layer 3 corresponds to the Mesozoic granite that represents the basement rock in this area (Fig. 3) . Layer 1 is absent in well No. 1. Paleogene sandstone was encountered at the bottom of well No. 10, beneath a fracture zone. Matsushita et al. (1971) explained this as an overturned structure in the area. This fracture zone is believed to represent the Kego fault.
Methodology
In our study, three gravity interpretation techniques were used: HG, TDR, and Euler deconvolution. The combination of the three methods enhanced the structural definition of the study area. The TDR method has the advantage of (Matsushita et al., 1971) . The two drill-holes are used as control points in the forward gravity modeling (see Fig. 10 ). 
Horizontal Gradient of Gravity Data
The horizontal gradient method was used extensively to locate the boundaries of density contrast from gravity data or pseudogravity data. The method contends that the horizontal gradient of the gravity anomaly caused by a tabular body tends to overlie the edges of the body if the edges are vertical and well separated from each other (Cordell, 1979; Cordell and Grauch, 1985) .
The greatest advantage of the horizontal gradient method is that it is least susceptible to noise in the data because it requires only the calculation of the two first-order horizontal derivatives of the field (Phillips, 1998) . The method is also robust in delineating both shallow and deep sources, in comparison with the vertical gradient method, which is useful only in identifying shallower structures. The amplitude of the horizontal gradient (Cordell and Grauch, 1985) is expressed as:
where (∂g/∂ x) and (∂g/∂ y) are the horizontal derivatives of the gravity field in the x and y directions, respectively. The amplitude of the horizontal gradient in the Fukuoka area was calculated in the frequency domain and is illustrated in Fig. 5 . The area may be dissected by major faults striking in the N-S and NW-SE directions.
Tilt Derivative of Gravity Data
The TDR method was used to enhance and sharpen the potential field anomalies. The advantage of TDR is that it can show the zero contour line located on or close to a contact. The TDR is calculated by the following formula (Miller and Singh, 1994) :
The TDR results are presented in Fig. 6 .
Euler Deconvolution of Gravity Data
Euler deconvolution was used to estimate the depth and location of gravity source anomalies. The method was established by Thompson (1982) and applied to magnetic data along profiles. Reid et al. (1990) , following a suggestion in Thompson's paper, developed an equivalent method to operate on gridded magnetic data. The application of Euler deconvolution to gravity data has been carried out by several authors, including Wilsher (1987) , Corner and Wilsher (1989) , Klingele et al. (1991) , Klingele (1993), Fairhead et al. (1994) , and Huang et al. (1995) . The 3D equation for Euler deconvolution given by Reid et al. (1990) is
Equation (3) can be rewritten as where (x o , y o , z o ) is the position of a source whose total gravity is detected at (x, y, z), β is the regional value of the gravity, and η is the structural index (SI), which can be defined as the rate of attenuation of the anomaly with distance. SI must be chosen according to prior knowledge of the source geometry. For example, SI = 2 for a sphere, SI = 1 for a horizontal cylinder, SI = 0 for a fault, and SI = −1 for a contact (FitzGerald et al., 2004) . The two horizontal gradients (∂g/∂ x, ∂g/∂ y) and the vertical gradient (∂g/∂z) are used to compute the anomalous source locations. By considering four or more neighboring observations at a time (an operating window), both the source location (x o , y o , z o ) and β can be computed by solving a linear system of equations generated from Eq. (4). Then, by moving the operating window from one location to the next over the anomaly, multiple solutions for the same source are obtained. In our study, Euler deconvolution was applied to the gravity data using a moving window of 250 m × 250 m. The grid cell size was 500 m. We assigned several structural index values and found that an SI of zero gave good clustering solutions. Reid et al. (1990 Reid et al. ( , 2003 , and Reid (2003) presented a structural index equal to zero for the gravity field for detecting faults. The results of the Euler deconvolution for the gravity data are shown in Fig. 7 .
The interpretation of the Euler solutions (Fig. 7) indicates that NE-SW, NW-SE, E-W, and N-S trends characterize the structural setting of the Fukuoka area. The depths of the faults range from less than 500 m to more than 1000 m.
Discussion and Conclusion
Eleven hot springs were detected in the Fukuoka area. These low-temperature hot springs are located in the Yokote-Ijiri area in the southern part of Fukuoka city. The generation of the hot springs in this area is not related to a specific heat source (Karakida et al., 1994) . Moreover, the hot springs area is characterized by low resistivity (less than 10 m), which is explained by the low resistivity of hot water (Matsushita et al., 1971) . Fujimitsu et al. (2003) showed that the high temperature distribution of the hot springs in the Yokote-Ijiri area extends in the NW-SE direction (Fig. 8) . The hot springs are located in a dense fractured area, and their characteristics are described in Table 1 . The hottest hot spring was well No. 1, at 49
• C. Figure 9 shows a qualitative interpretation of the horizontal gradient data and the tilt derivative data. The Euler deconvolution method provided the depths of the faults; however, the HG and TDR methods yielded the precise locations of the faults. The results show a relation between the structural pattern and the locations of the hot springs in the Fukuoka area. A rose diagram (Fig. 9) indicates that there are four major fault patterns (N-S, E-W, NE-SW, NW-SE) that characterize the study area. The Fukuoka area is dissected by major faults striking in the E-W and NW-SE directions. The depth of these faults is less than 500 m, which was determined from the Euler deconvolution method. The faults located on the eastern side of the hot springs are deeper than the faults on the western side, and hot spring waters are seen to emerge along fault lineaments. The interpreted faults were digitally processed and statistically analyzed using ER Mapper software version 7.0. ER Mapper provides a function that analyzes the orientation and distribution of the faults. The results are shown in Table 2 and provide important information about the tectonic setting of the study area: 1) Generally, the faults striking NW-SE have long lengths (maximum length of 2420 m), while the faults striking E-W have shorter lengths. From the cross-cutting rela- tionships, the faults striking NW-SE are younger than the E-W faults. In general, the new faults cut the older faults (Warvelle, 1968, page 23) . 2) Many of the NW-SE striking faults show a 10 degree Fig. 10 . 2-D model, using two wells (Nos. 1 and 10, see Fig. 2(B) ) as control points, based on forward modeling of the gravity data using Talwani's algorithm (Talwani et al., 1959) . The hot water flows up to the surface through the fault structure. The Kego fault could be the main flow path of the geothermal fluids. The density of the granite is assumed to be 2650 kg/m 3 and the sedimentary layer is 1950 kg/m 3 .
shift towards the north or west due to tectonic reactivation.
3) The NW-SE striking faults are tectonically reactivated.
This can be observed by recent earthquakes that have occurred in this area, caused mainly by the Kego fault. Figure 10 shows a 2-D model line through points A and B (Fig. 2(B) ). Two geological layers are included in the model using data from wells No. 1 and No. 10. The density of the two layers is taken from data from the Geological Survey Enterprises Association Kyushu (1981) .
The model shows a basin 90 m deep, bordered by faults. The locations and depths of the faults agree with the results of the HG, TDR, and Euler deconvolution methods. The hot waters flow to the surface through the faults. The Kego fault may be the main flow path of the geothermal waters.
The obtained structural map is suitable for planning geothermal research in the Fukuoka area.
